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An Introduction to Crack Propagation in High Strength
Sheet HMaterials Y

A discussion is presented of fracture mechanice and of the
theory and test methods underlying tests whigch have been
developed to eveluate the fracture toughness of sheet allryr,

Procedures have been devised at Astronautics for conducting
fraoture toughness tests at eryogenic temperatures and quanti-~
tative data have been developed for cold rolled Type 301 stain-
less steel sheet. The fracture toughness of this alloy at low
tempsratures decreases with increasing room temperature
strength (schieved by cold working) above approximately 160,000
170,000 psi yield stremgth, Also, the fracture toughness in
the transverse direction is significantly less than that in the
longitudinal direction at sub-zero temperatures and may be =
limiting design factor for this material when used at cryogenic
temperatures,

Fracture toughness testing is being extended to cover terper-
atures down to -423°F and is being applied to measure the
toughness of fusion butt welded joints in various high strength
sheat alloys.
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SUBJECTs An Introdustion to Crack Propagation in High Strength Sheet
Materials

ANTRODUCTIONs

The phenomenon of brittle fracture or fracture mechanics is a most
interesting and too often neglected topic. As far back as 1920,

Oriffith (1) advanced his famous theories, followed by Westergaard(2)

vho was interested in crack propagation in concrete roads. The alarming
catastrophioc failures of all-welded ships during World War II led the
Navy to back the research of G. R. Irwin (3), However, the average
structural and design engineer was not interested in the problem since

he was adequately armed (he thought) with data on ultimste and yield
strengths, percent elongation, and modulus of elasticity, to say nothing
of Poisson's ratio, generally obtained in tests at room temperature,

The more advanced engineers have been exposed to the concept (if not

the theory) of stress concentration factors so ably explained by Heins
Neuber(4). The advent of high strength pressure vessels for rocket
motor cases hag steered the problem of brittle fracture to our very
drawing boards. Purther, the severe cryogenic environments of the liquid
fueled miseile combined with the previous problem and with the drive
towards minimum weight structures has made the solution of the catastrophic
fracture problem of utmost importance,

Ihe Cancept:

Basically, the theory states that if a material contains a crack, flaw,
or other sharp discontinuity, there is a particular stress level at
whioch the crack will propagate rapidly to failure. In a brittle material,
this stress level is below the yield strength of the material, FEqually
important is the fact that a semi-ductile material may become extremely
brittle at oryogenic temperatures or when subjected to multi-axial or
rapidly applied loads. The Griffith-~Irwin theory suggests
that if the energy released by cracking exceeds the energy required to
extend the qracks, the crack becomes self-propagating at a rapld rate
until total failure results. The orack length at the onset of rapid
propagation is known as the critical crack length,

It follows that e orack shorter than the critical crack length can and
often does exist in metal components., In fact, this crack can propagate
at a slow rate with an increase of stress and will stop growing if the
load (stress) is reduced or held constant., This slow propagation will
continue with an increase in stress until it reaches the critical crack
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length for the psrticular  stress %o which it 1s subjected, and then
rapld frecture occure,

Therefore, since failure is dependant on both crack length and stress,

it is logical to seek a parameter that incorporates the two, If one were
to know the gtress level beyond which defects of a specified size are
subject to catastrophicaslly rapid propegetion, it would be possible to
establish a conservative design in which stresses would not exceed the safe
level suck that pre-existirng flaws and deflects would not propagate.

The most generally used psrameters that are indicators of the sbility of a
material to resist fracture are called hness (Ke) end grack

extension force or girain energy releesse rzte (Go).
For an infinitely wide plate:

Kc = 6-(, ‘J 'rr&
where Kg = fracture toughness (Xsi Nin)
G, = ¢gross section stress away from tlLe cracked
section et the maximum load (Ksi)
a = one half of tie crack length at onset of
rapid propegstion (in.)
and and Go = (Kg)2

E
where Ge = crack extension force (in#/in?)

E = Young's Modulus of Elasticity

In genersl, the higher the K¢ or Gg, the better are the toughness pro=-
perties of the material and, therefore, the better the resistance to
brittle fracture.

According to Campbell and Achbach(5), high strength steels that hsve Ge
values of less than 600 are subject to brittle fracture.

Deterninatdion of Gg

Since the use of the fracture toughness concept is still in its infancy,
standardization of testing for determination of K¢ and Gg is practically
non-existant, although both ASTM and ARTC committees 2re studying the
problen.

The msjority of tests(5) have been in three ereass (1) Edge notoh
specinmens, (2) Charpy Impact Specimens, and (3) Center Notch Specimens,

The edge notch specimen hes besn used primarily for determinntion of stress
concentration factors and more important, for the noteh-unnotch rstlo
screening tests., The impact tests sre designed to measure the total
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energy required for fracture, WNelther of these two tests can provide
fully adequate and quantitative design data,

The majority of the emphssis (in recent years) has been directed to the
center-notch specimen, Irwin has directed his efforts toward developing
tests that will duplicate the ection of the materigl under service condi-
tions and still allow & vigorous mathematical stress analysis. Since the
catastrophic failure problem 1? so vital, & {lurry of techniques and
specimens have been developed, (5

Generally, the spescinen shape is rectangular, is pulled in tension, and
contains a center slot perpendiculsr to the direction of loading. Al-
though there sre various ideas concerning the dimensions, rate of lozding,
etc., the lesrgest mrea of difference of apinion concerns the elot itselfl,
Most experimenters agree on a slot length that is 30 to L0% of the total
width of the specirien. However, a large number feel that the radiuve of the
4tip of the crack should be small and resemble a “natural creck" or nicro
crack,

Christensen of Douglaa(6) insistg that a fatigue crack is the most
®naturel crack™ that can be induced, Other notching methods include
jeveler's saw cuts, Elox or Elektro-Jet (electricel discharge) cuts, =nd
hydrogen embrittlemsnt cracks,

Most researchers agree that. any notch is sufficient that 1s sharp erough
to induce some slow crock propagation prior to rapid crack growth lesd-
ing to failure.

It is the opinion of the author that no crack should be induced by =
method that will change the temper, or the physical or mechanicsl pro-
perties of the material in front of the crack.

It should be noted thet a relatively blunt notch that may be acceptable
for testing a ductile material, may not be and generally is mot acceptable
for testing a brittle material or a materlal that becomes brittle at
cryogenic temperatures,

The two varisbles that must be messured to obtain Qi. are maximum load
and total crsck lemgth. The load is normally measured by the sensing
devise on the testing machine. The two most prominent methods of
estimating creck length sre by observation of the fracture appearance
(not completely relisble) after failure, and by a staining technique. In
the lstter, a drop of ink or dye (2Zyglo works quite well) iz placed in the ti;
of the crack. As the crack propagates slowly, the stain follows; but when
the fast propasgation begine, the dye cannot follow and the critical crack
l:;ﬁth is easily measured. This technique is useful at room tempersture
only.
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Morrison and Kattus(7) of Southern Research Institute have developed
an electrical system in which a number of fine wires are flash welded
aoross the erack and the potential is measured when a 10 amp current is
applied to the specimen.

The system is celibrated by comparison to standard specimens with

known crack lengths, Unfortunately, this technique is usable only with
brittle materials, since the system cannot discriminate between cracks
and high elongation,

The use of surveyor's transits focused on a steel scale attached to the
specimen have provided excellent results at Astronsutics,

At -320°F, the specimen i1s immersed in liquid nitrogen contained in a
cryostat with a viewing port and the same technique is used.

The computation of G is performed using a variation of the infinite
plate formula that accouats for finite plate width as follows:

2
_ Ga W _ Mo
~egt tan

vhere W = specimen width in inches

Specinens at Astronautics have consisted of rectangular center notch
tensile coupons of two sises: (1) 19" x 36" with & 5" center notch,
(2) 4" x 10" with a 1{" center notch,

Since the width to thickness retio of the small specimen usually exceeds
45 (the maximum ratio recommended by ASTM) (8), doublers were spot
velded to the ends of the specimen to provide both stiffness and more net
area at the loading pina. Stability is provided for the large specimens
by means of cast aluminum end fittings that are bolted to the specimen,
Slots are cut in the specimens by the electrical discharge method (Elek-
trojet) with a ,001 inch tip radius, (Fig. 1)

Observations of crack lengths by use of surveyor's transits have been
verified by the Zyglo Penetrant technique.

A cryostat for testing the small coupons has been constructed and has been
successfully used at both =320°F (1iquid nitrogen) and -423°F (1liquid
hydrogen), (Fig. 2)

Testing has been performed in both Baldwin-lima-Hamilton and Tinius-
Olsen testing mechines, In addition, the feasibility of using a dead
load test machine was checked end found satisfactory.



TEST_PROCEDURE:

Room Temperature:

(2)
(2)

(3)

(4)
(5)

(6)
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Ingtall specimen in test machine

Attach scale to specimen adjecent and parallel to the
arack

Focus surveyor'!s transits on scale snd take no-load
readings

Apply load to specimen

Take periodic readings on scale until failure of
specimen

Observe frecture appearance

Cryogenic Temperatures

(1)
(2)
(3)
(4)
(5)

(é)

(7)

(8)
Materials:

Install viewlng cryostat in testing machine
Install specimen with scale attached in cryostat
Pull vacuum on casing of cryostat if needed
Fill with liquified gas

When cryostat fs chilled, take zero reesding with
transits

Apply load to specimen
Take perlodic readings on scale until failure of specimen

Obgserve fracture appearance

To date,while various materlsls have been tested, only 301 stainless steel
has bean evaluated sufficiently to obtain statistical accuracy,

The majority of tests performed have been on 301 extra full hard, but
full herd, 3/4 hard and helf hard have also been tested.

A limited number of transveree specimens snd a few rewvorked samples of
301 were elso teneile tested.

Sheet thicknesses ranged from 0.010% to 0,040%,

6
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RESULTS:

To date, more than 50 crack propagations specimens have been tensile
tested at room temperature and at -320°F, More recently, 2 considerahle
number of tests have been condueted at ~423°F and the data will be con~
tained in subsequent reports. A number of these have been used to
develop test and instrumentation teclnigues. Others were designed to
evaluate relative toughnesses of various meterials with various tempers.
It should be noted also that no conclusive testing has been done at
Astronauties to svaluate the effect of thickness on fracture toughness
although other experimenters (e.g. Berstein and Young) have concluded
trat there is a definite oorrelstionm,

Limited testing cuggests that fracture toughness is influenced by degree
of cold work, which is more or less in agreement with the notch~unnotch
ratio indications, A series of 12 tests shows that the friciure toughress
(and Ge ) of 301 stainless steel sheet reaches & peak when the materisl
is ecold work to a hardness corresponding to a yleld strength of approx-
imately 160-170 ksi, Additionsl testing is required to verify thece
findings since control of chemical composition, etc. was not completely
adsquate.

A single heat and coil of 0,025" 301 SS (XFH) was used to evaluste the effect
of temperature on Ko and G¢ (see Table I). All specimens were of the same size
and type except that half were from longitudinal and half were from trons-
verse grain directions. It has been suggested (e.g. by Campbell) that &
materizl should have a oriticel orack extension force ( G. ) of at

lenst 600 inch pounds per square inch to be considered usable for pressure
vessels, If this criterian is used, 301 is suitable for use nt 75°F and
~320°F with everage longitudinal values of 1642 arnd 1432 respectively.

The toughness of the transverse sheet (747 at 759F and 385 at -320°F)
indicates a poassible trouble area if the material is subjected to other

than normal pressure vessel stresgs., The following should also be consie
dereds

For a e¢ylindrical pressure vessel,
Oy =420,
wviere T wn = hoop stress

S = exial stress
2 o

Since Q.= JZ;E%SQQIL]&: and substituting,

z A z ALs
Ge= (2GJ.){QY\T§(IL.. 46 fg‘f!'—ﬁ!—
¢ E - E
Therefore if the G for the longitudinal shest (hoop) is equal to 4

times the G¢ for the transverse sheet (axial), the resistance to brittle
fracture ie equivalent in both directions.
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If, however, the transverse (x: is less than four times the longitudinal

G , the transverge then becomes the oritieal condition and should be
the deslgn criterien, Consider the test results obtained; at roum
temperature the transverse G is slightly less than half of the longi-
tudinal G. , vwhich is acosptable. However, at -320°F, the average
transverse G. 48 only 27% of the average longitudinel G . The
average values are acceptabls, but just barely. If we use the extreme
individual results within the groups, we find that the transverse value
is 21% of the longitudinal walue, or less than the 1-4 ratio,

If this trend continues with a decrease in temperature, it is likely that
the l-4 ratio will be greatly violated at ~423°F and that the critical
design criterion will be the transverse fracture toughness or the critical
crack extension force (Gx¢). Purther testing is underway to extend the
fracture toughness data to the temperature of liquid hydrogen (-423°F).

In sddition tests are umderway to evaluate the toughness properties of
fusion butt welds in high strength sheet alloys, including Types 301,

304 EIL 310, and 321 stainless steels, and the 5A1~2,55n titanium alloy
over the temporature range of +75°F to -4239F, These tests are performed
by meking a transverse fusion butt weld across the 4" wide specimen and
then slotting the specimen in the weld area., These tests are currently
underway and the test results will be published shortly.

CONGLUSIONS;

1. The critical crack extension foree ( Ge) of 301 XFH, ,025" long-
itudinal sheet is well above the arbitrary 600 figure recommended a:s
a mininum at 75°F and -3200F, (5)

2. The G of transverse 301 XFH sheet may be marginal for use in
pressure vessels st ~320°F.

3. 4 small number of tests indicate that 301 stainless steel sheet heas @
- naximum resistance to brittle fracture when the material has been
cold-worked to give a yleld strength of 160-170 kel at room temperature.

g N33
n & Str eg (rou
Re-sveluate dasign criteris for pressure vessels fabricated from 301 SS
when used at ~320°F or below to take into account possible brittle fracture

in the transverse direction. Avoid requesting cold working of 301 S5 to
provide yleld strengths above 190 ksi,
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Research Groups

Actively pursue fracture toughress testing as followss

(1) Determine G of all high strength matorials being used and
anticipated for use in advanced space veliicles over a temp-
erature range including the proposed operating conditions,

(2) Deternine effect of variation of thickness, amount of cold
work, chemical compesition, and temperature upon the fracture
characteristics of high strength sheet materials used in
eriticelly stressed applications.
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